In the present study, we report the identification and characterization of MEX (MEKK1-related protein X), a protein with homology to MEKK1 that is expressed uniquely in the testis. MEX is comprises four putative zinc-binding domains including an N-terminal SWIM (SWI2/SNF2 and MuDR) domain of unknown function and two RING (really interesting new gene) fingers separated by a ZZ zinc finger domain. Biochemical analyses revealed that MEX is self-ubiquitinated and targeted for degradation through the proteasome pathway. MEX can act as an E3, Ub (ubiquitin) ligase, through the E2, Ub-conjugating enzymes UbcH5a, UbcH5c or UbcH6. A region of MEX that contains the RING fingers and the ZZ zinc finger was required for interaction with UbcH5a and MEX self-association, whereas the SWIM domain was critical for MEX ubiquitination. The expression of MEX promoted apoptosis that was induced through Fas, DR (death receptor) 3 and DR4 signalling, but not that mediated by the BH3 (Bcl-2 homology 3)-only protein BimEL or the chemotherapeutic drug adriamycin. The enhancement of apoptosis by MEX required a functional SWIM domain, suggesting that MEX ubiquitination is critical for the enhancement of apoptosis. These results indicate that MEX acts as an E3 Ub ligase, an activity that is dependent on the SWIM domain and suggest a role for MEX in the regulation of death receptor-induced apoptosis in the testes.
INTRODUCTION
The Ub (ubiquitin)-proteasome pathway is a major pathway for targeted proteolysis in eukaryotic cells and plays a key role in diverse cellular functions including signal transduction, cell cycle progression, differentiation and apoptosis. This proteolytic pathway involves the covalent attachment of a polyUb chain to a protein substrate by the concerted action of the Ub-activating enzyme, E1, the Ub-conjugating enzyme, E2, and the Ub-protein ligase, E3 [1] . The first step in the Ub conjugation cascade is catalysed by E1 and involves the formation of a thioester bond between the C-terminus of Ub and the active site cysteine on E1 [1] . The activated Ub is then transferred from the E1 cysteine residue to a conserved cysteine residue of an E2 enzyme [1] . Finally, the modified Ub molecules are transferred from E2 to the target protein, a process that is mediated by an E3 ligase [1] . The resulting polyUb chain formed on the protein substrate is recognized and targeted for degradation by the 26 S proteasome [2, 3] .
The substrate specificity of the Ub-proteasome pathway is conferred by an E3 ligase. Two distinct classes of E3 ligases have been identified: the adaptor type that contains a RING (really interesting new gene) finger domain or a U-box [UFD2 (Ub fusion degradation protein 2) homology box] and the enzymatic HECT [homologous to E6-AP (associated protein) C-terminus]-type E3s. The E3 ligases that contain the RING finger or U-box include most of the Ub-ligases identified to date and function as adaptors that bridge the interaction between the E2-Ub intermediate and the lysine substrate in the target protein [4] . By contrast, HECT-type E3s possess both docking and catalytic activity and mediate the transfer of Ub to protein substrates [5] [6] [7] . The RING finger is a domain defined by the presence of eight cysteine and histidine residues in a conserved spacing that coordinates two Zn 2+ ions [8] [9] [10] . Many RING finger domains have been shown to directly bind E2s [9] [10] [11] . RING finger E3 ligases are present in both single polypeptides such as Cbl and multi-subunit complexes, such as that found in the SCF (Skp1p-cullin-F-box protein) complex [12] [13] [14] [15] . The SWIM (SWI2/SNF2 and MuDR) domain is a recently identified motif with predicted zinc-binding cysteine and histidine residues the signature of which is C-x-C-x n -C-x-H (where n = 6-25) [16] . Many proteins that contain the SWIM domain have been identified in prokaryotic and eukaryotic cells [16] . Certain proteins such as MEKK1 [MAPK (mitogen-activated protein kinase)/ERK (extracellular-signal-regulated kinase) kinase kinase 1] contain both a RING finger and a SWIM domain [16] . However, the function of SWIM domains is currently unknown. In the present study, we describe MEX (MEKK1-related protein X), a protein expressed uniquely in the testis, and with homology to MEKK1, that is composed of two RING fingers and one SWIM domain. We provide evidence that MEX is self-ubiquitinated and targeted for degradation, an event that is mediated by the N-terminal RING finger, and SWIM domains. Moreover, MEX promotes apoptosis induced via DR (death receptor) signalling and this activity is dependent upon the SWIM domain.
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The nucleotide sequence of the human and mouse MEX cDNAs are available in GenBank under accession numbers NM 182521 and NM 027964 respectively.
EXPERIMENTAL
Isolation of the MEX cDNAs and preparation of expression plasmids nt cDNA sequences encoding polypeptides with homology to rat MEKK1 (National Center for Biotechnology Information, protein database accession number NP 446339) were identified in the GenBank EST (expressed sequence tag) database using TBLASTN (NCBI). The nt sequences of the EST clones, 515 103 and 603 042, were determined by dideoxy sequencing. The EST clone, 603 042, that contains a partial ORF (open reading frame) of mouse MEX was cloned into pcDNA3-FLAG [17] to generate pcDNA3-FLAG-MEX-T1 that contains an alternatively spliced exon, which causes premature termination of the ORF by insertion of a stop codon. A construct expressing full-length MEX, pcDNA3-FLAG-MEX, was generated by replacement of the region containing the alternatively spliced exon with that of the EST clone, 515 103. The entire ORF from pcDNA3-FLAG-MEX was cloned into pcDNA3-Myc [18] to generate the expression plasmid, pcDNA3-Myc-MEX. Deletion and site-directed mutants of MEX (amino acids 1-398, 1-138 and 139-398; mutations C66S, C168S, C253S and C382S) were constructed by a PCR method and cloned into pcDNA3-FLAG and/or pcDNA3-Myc. All mutant MEX constructs were verified by DNA sequencing. pCGN-HA-Ub and pcDNA3-Myc-UbcH5a were provided by Dr R. Takahashi (Department of Neurology, Kyoto University Graduate School of Medicine, Japan). pcDNA3-Fas was from Dr V. M. Dixit (Genentech, Inc., San Francisco, CA, U.S.A.), and trimerized Fas ligand (LZ-FasL) was from Dr M. E. Peter (The Ben May Institute for Cancer Research, University of Chicago, IL, U.S.A.). FLAG-BimEL was a gift from Dr S. Cory (The Walter and Eliza Hall Institute, Melbourne, Australia). Plasmids expressing FLAG-IKKβ (I-κB kinase subunit β)-K44A, caspase-8-C377S-HA, caspase-9-C287S-HA, FLAG-DR3, and FLAG-DR4 were described previously [19] .
Dot-blot and Northern blot hybridization
The full-length coding region of MEX was used to generate a probe of 1.9 Kb. The DNA fragment was labelled with [α-32 P]-dCTP by random priming using a commercial kit (Roche Molecular Biochemicals, Indianapolis, IN, U.S.A.). The radiolabelled probe was used hybridized to Multiple Tissue Northern blots or a Multiple Tissue Expression array (BD Clontech, Palo Alto, CA, U.S.A.) according to the manufacturer's instructions.
Expression, immunoprecipitation and purification of recombinant proteins
HEK (human embryonic kidney)-293T (where T stands for large T antigen) cells were transiently co-transfected with pcDNA3-FLAG-MEX and various expression plasmids by the calcium phosphate method as described previously [19] . After transfection for 30 h, cells were treated with or without a 10 µM proteasome inhibitor, MG-132, (Calbiochem, San Diego, CA, U.S.A.), for 24 h, subsequently suspended in lysis buffer [50 mM Tris/HCl (pH 8.0), 400 mM NaCl, 1 % Nonidet P40, 1mM DTT (dithiothreitol), 10 % glycerol, 30 µM MG-132 and protease inhibitors], and sonicated for 30 s. After centrifugation (15 000 g for 10 min at 4
• C), FLAG-tagged proteins were immunoprecipitated using an anti-FLAG monoclonal Ab (antibody, M2) (Sigma-Aldrich, St Louis, MO, U.S.A.) and Protein G-Sepharose (Zymed Laboratories, South San Francisco, CA, U.S.A.) as described [19] . The proteins were eluted from the resin by the addition of excess FLAG peptide (Sigma-Aldrich) and immunodetected with an anti-FLAG M2 Ab.
In vitro ubiquitination assay
Reaction mixtures were prepared with 50 ng of rabbit E1 (SigmaAldrich), 400 ng of various recombinant E2s (Boston Biochem, Cambridge, MA, U.S.A.), purified FLAG-MEX-Sepharose beads from 1.5 mg of HEK-293T cell lysate, and 400 ng of yeast Ub (Sigma-Aldrich) in 50 mM Tris/HCl (pH 7.4), 5 mM MgCl 2 , 2 mM ATP and 2 mM DTT. The reaction mixtures were incubated for 90 min at 30
• C, and the beads were washed. The MEX proteins were eluted with a FLAG peptide and analysed by immunoblotting with anti-FLAG or anti-Ub Abs (Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.).
Cell death assay
HEK-293T cells (1 × 10 5 ) were co-transfected with 83 ng of the indicated expression plasmid and 33 ng of DR3, 7 ng of DR4, 17 ng of Fas, or 8 ng of the BimEL expression plasmid in the presence of 37 ng of pEF-BOS-β-gal (β-galactosidase). The total amount of transfected plasmid DNA was adjusted with pcDNA3. At 24 h post-transfection, the cells were fixed and stained for β-gal as described previously [17] . The percentage of apoptotic cells in triplicate cultures was determined by calculating the fraction of membrane-blebbed blue cells from the total population of blue cells [17] .
RESULTS AND DISCUSSION

MEX is a RING finger and SWIM domain-containing protein with homology to MEKK1
To identify novel MEKK1-like molecules, public nt databases were searched for DNA sequences encoding polypeptides with homology to the rat MEKK1 sequence. The search identified several mouse cDNA sequences encoding a polypeptide with 48 % amino acid similarity (27 % identity) to the N-terminal region (residues 297-490) of mouse MEKK1. Sequence analysis of the EST clones revealed an ORF encoding a 631 amino acid protein with a predicted molecular mass of approx. 72 kDa ( Figure 1A ). This protein was designated MEX (MEKK1-related protein X). MEX is identical to a Zswim2, an uncharacterized protein the sequence of which has been recently deposited in public databases (NCBI, accession number NP 082240). A search for a human orthologue revealed several overlapping cDNAs that could be constructed to form a single ORF encoding a 633 amino acid protein with 67 % identity to the mouse sequence. The human MEX gene mapped to chromosome 2q32.1 and the corresponding mouse gene mapped to chromosome 2 E1.
Analysis of the amino acid sequence of MEX revealed that its structure comprises four putative zinc-binding domains, an Nterminal SWIM domain, two RING fingers (RING1 and RING2) and a ZZ zinc finger domain, and an unique C-terminal domain ( Figures 1A and 1B) . Further analysis of protein sequences revealed that the homology between MEKK1 and MEX was restricted to the region that contains the SWIM and N-terminal RING domain ( Figure 1B ). The C-terminal region of MEX referred to in the present study as the MEC (MEX C-terminus) domain lacked a kinase domain and possessed no significant homology to any other protein found in public databases.
The expression of MEX is restricted to testis
We performed dot-blot analysis of total RNA isolated from multiple mouse tissues to assess the expression of MEX. Hybridization with a MEX-specific labelled probe showed expression of MEX in testis, but not in any other adult tissue including brain, eye, liver, lung, kidney, heart, skeletal muscle, smooth muscle, pancreas, thyroid, thymus, spleen, ovary, prostate, uterus or mouse embryos at different stages of development (Figure 2A ). To verify these results, mRNA samples from a panel of mouse tissues were analysed by Northern blot analysis with a labelled MEX probe. Consistent with the dot-blot results, MEX expression was detected as approx. 2.8 and 1.9 Kb transcripts in mouse testis but not in any other tissue analysed ( Figure 2B ).
MEX is ubiquitinated and degraded via the proteasome
MEX contains several putative zinc-binding motifs that have been linked to ubiquitination. To test whether MEX can be ubiquitinated, we transiently co-transfected constructs producing FLAG-tagged full-length MEX and HA-tagged Ub into HEK-293T cells in the presence or absence of MG-132, an inhibitor of the proteasome. The levels of total and ubiquitinated MEX were monitored by immunoprecipitation with an anti-FLAG Ab and immunoblotting with anti-FLAG and anti-Ub Abs. In the absence of MG-132, the expression of MEX was minimal in the presence or absence of exogenous Ub ( Figure 3A ). By contrast, the level of MEX expression was greatly enhanced when MG-132 was added to the cultured cells ( Figure 3A) , suggesting that MEX is targeted for degradation via the Ub-proteasome pathway. Immunoblotting of MEX immunoprecipitates with anti-FLAG and anti-Ub Abs revealed the presence of ubiquitinated full-length and degraded MEX proteins ( Figures 3A and 3B) . Furthermore, ubiquitination was detected in cells that were untransfected with the Ub construct ( Figure 3B ), although MEX ubiquitination was enhanced by the exogenous expression of Ub ( Figure 3B ). We detected degraded MEX in the presence of MG-132, suggesting that there is a pathway of MEX degradation that is not sensitive to MG-132 or, alternatively, that under our experimental conditions the drug cannot totally inhibit proteasomedependent degradation.
MEX exhibits E3 Ub ligase activity through UbcH5a, UbcH5c and UbcH6
We next assessed the E3 Ub ligase activity of MEX using a panel of recombinant E2s and purified MEX. Using this in vitro assay, MEX was ubiquitinated in the presence of the E2 enzymes, UbcH5a and UbcH5c, and to a lesser degree with UbcH6, but not in the presence of UbcH2, UbcH3, UbcH7 or UbcH10 (Figure 4 , upper panel). Immunoblotting revealed equal loading of purified MEX in the assay (Figure 4, lower panel) .
The SWIM domain is essential for MEX ubiquitination
MEX comprises four putative zinc-finger-like domains that could mediate self-ubiquitination of MEX. The RING finger domains are known to act as an E3 ligase but there is no evidence that SWIM domains can promote protein ubiquitination [16] . To determine the role of the zinc-binding motifs in MEX ubiquitination, we generated point mutants in which an essential cysteine residue in each of the zinc-finger domains was replaced by a serine residue ( Figure 5A ). Immunoblot analysis of cell extracts showed similar levels of the MEX mutants after transfection of each construct into HEK-293T cells ( Figure 5B , lower panel). Immunoprecipitation of MEX followed by immunoblotting with an anti-Ub Ab revealed that the C66S mutation in the SWIM domain almost abolished the ubiquitination of MEX ( Figure 5B, upper panel) . The C168S mutation located in the N-terminal RING domain of MEX also exhibited decreased ubiquitination, whereas mutation of the ZZ domain (C253S) and C-terminal RING domain (C382S) had little or no effect on MEX ubiquitination ( Figure 5B ).
The region of MEX containing residues 139-398 interacts with UbcH5a
We next assessed the region of MEX involved in the interaction with UbcH5a. Analysis of MEX truncation mutants revealed that residues 139-398 that contain the RING1, RING2 and ZZ-zinc finger domains mediate the interaction with UbcH5a ( Figures 6A  and 6B ). Further analysis showed that the critical cysteine residues that are required for MEX ubiquitination were dispensable for the association with UbcH5a, although the association of the mutant, C168S, with UbcH5a was slighted decreased when compared with that observed using wild-type MEX ( Figure 6C ). 
MEX self-associates
We next assessed the ability of MEX to dimerize, by immunoprecipitation followed by immunoblotting. This analysis revealed that MEX associated with itself ( Figure 7A ) and that this activity was independent of the SWIM domain and was mediated through the region containing residues 139-398 ( Figures 7A and 7B ). Further analysis revealed that the critical cysteine residues that are required for MEX ubiquitination were not essential for MEX selfassociation, although the interaction of C168S with MEX (amino acids 139-398) was slightly decreased when compared with that observed for wild-type MEX ( Figure 7B ). These results indicate that the region containing the RING1, RING2 and ZZ domains is involved in both the interaction with UbcH5a and MEX selfassociation.
MEX regulates Fas-, DR3-and DR4-mediated apoptosis
The Ub-proteasome pathway is known to regulate a diverse array of cellular processes including cell cycle, apoptosis and stress responses [1] . We tested whether the expression of MEX regulates apoptosis in HEK-293T cells. In these experiments, we co-expressed MEX and proteins that activate the DR or mitochondrial pathways of apoptosis. The expression of MEX alone did not induce significant apoptosis in HEK-293T cells above that found after transfection with the control plasmid ( Figure 8A ). As expected, expression of DR4 induced apoptosis in HEK-293T cells ( Figure 8A ). Notably, DR4-induced apoptosis was significantly increased by the expression of MEX but not by a dominant negative form of IKKβ that was used as a control ( Figures 8A and 8B ). Consistent with this finding, MEX also enhanced apoptosis induced by DR3 ( Figure 8B ) and Fas ( Figure 8C ), but not that mediated by BimEL, a BH3-only family member, or the chemotherapeutic drug adriamycin, two pro-apoptotic stimuli that activate the mitochondrial pathway [20, 21] . Importantly, the ability of MEX to promote DR4-and Fas-induced induced apoptosis was abrogated by mutation of the critical cysteine residue at position 66 in the SWIM domain ( Figures 8B and 8C ). These results indicate that a functional SWIM domain is critical for MEX to promote DR-induced apoptosis. DR4-and Fas-induced apoptosis were inhibited by the expression of dominant negative forms of caspase-8, a caspase that is essential for apoptosis mediated through DR signalling, but not dominant negative forms of caspase-9 or IKKβ ( Figure 8B ). Conversely, BimEL-induced apoptosis was suppressed by a dominant interfering mutant of caspase-9 but not by dominant negative caspase-8 ( Figure 8B ). In the present study, we report the initial characterization of MEX, a novel protein with multiple zinc-finger domains. We provide evidence that MEX is ubiquitinated and degraded through the proteasome pathway. A main finding is the identification of the SWIM domain of MEX as a critical zinc-finger motif required for ubiquitination. The SWIM domain was originally identified as a zinc-finger-like module with a C-x-C-x n -C-x-H signature distinct from that found in other zinc-binding domains including RING fingers and ZZ motifs [16] , but its function was unknown. To our knowledge, this is the first report demonstrating that the SWIM domain functions in the regulation of protein ubiquination. Because the SWIM domain is found in a variety of prokaryotic and eukaryotic proteins, it is likely that this zinc-finger domain regulates multiple cellular processes through protein ubiquitination. MEKK1 contains a SWIM domain and a RING finger or PHD (plant homoeodomain) [22] . In the case of MEKK1, its RING finger domain mediates ubiquitination and degradation of ERK1 and ERK2 [22] . The role of the SWIM domain in the regulation of MEKK1 is unknown. Our studies suggest that the SWIM domain of MEKK1 regulates self-ubiquitination or that of MEKK1-interacting proteins. The expression of MEX is restricted to the testis but its physiological function remains unclear. Our studies indicate that MEX promotes apoptosis induced by Fas, DR3 and DR4 but not that mediated by BimEL or adriamycin. These results suggest that MEX targets a component(s) of DR pathways but not factors such as caspase-3 that are shared with the mitochondrial apoptotic pathway. Previous studies have shown that Fas, DR4 and their ligands are expressed in germ cells of human and rat testis [23, 24] . Thus MEX could be involved in the regulation of paracrine or autocrine germ cell apoptosis that is induced during germ cell differentiation or hormonal withdrawal. Future studies should address these possibilities.
